Introduction
In copper electrodeposition under a magnetic field parallel to electrode, it is well known that though the drastic enhancement of deposition rate, a deposit surface receives specific levelling. This is because the Lorentz force generated by the interaction between magnetic field and electrolytic current induces a solution flow called magnetohydrodynamic (MHD) flow with micro-vortex called micro-MHD flow (Figs. 1 and 5a). The former is a laminar main flow, promoting mass transfer process (MHD effect), and the latter emerges inside the boundary layer, which often interacts with nonequilibrium fluctuations controlling electrochemical reactions. MHD effect is exhibited by the following MHD current equation, where the promotion of mass transfer by the laminar flow is expressed by the increase of the average current density z J (Aogaki et al., 1975) . 
where '< >' denotes the average with regard to electrode surface, H * is a constant, B 0 is the magnetic flux density, and *   is the concentration difference between the bulk and surface.
As one of the characteristic results of the electrodeposition in a parallel magnetic field, the interaction of the micro-MHD flow with nonequilibrium fluctuations called symmetrical fluctuations suppresses the three-dimensional (3D) nuclei with the order of 0.1 μm in diameter to yield a flat surface (1st micro-MHD effect) (Aogaki, 2001; Morimoto et al., 2004) . However, after long-term deposition in the same magnetic field, instead of leveling, semispherical secondary nodules with the order of 100 μm in diameters are self-organized from two-dimensional (2D) nuclei together with the other nonequilibrium fluctuations, i.e., asymmetrical fluctuations (2nd micro-MHD effect) (Aogaki et al., 2008a (Aogaki et al., , 2009a (Aogaki et al., , 2010 .
On the other hand, in a magnetic field vertical to electrode surface, minute vortexes vertical to the electrode surface emerge under a macroscopic tornado-like rotation called vertical MHD flow (Fig. 2) ; the formers come from 2D nucleation, whereas the latter is generated by the distortion of current lines in front of a disk electrode. As a result, a characteristic deposit with regular holes with about 100 μm diameter called micro-mystery circles appears.
Recently, using an electrode fabricated by the electrodeposition in a vertical magnetic field, the appearance of chirality in enantiomorphic electrochemical reactions was found, and it was suggested that the selectivity of the reactions comes from the chirality of the vortexes formed on the electrode (Mogi & Watanabe, 2005; Mogi, 2008) . (Aogaki et al., 1975) . Fig. 2 . Vertical MHD flow. 1, electrode; 2, electrode sheath; I, upward spiral flow; II, rotating flow; B, magnetic field .
All these phenomena are attributed to the evolution or suppression process of nucleus by nonequilibrium fluctuations in a magnetic field. Generally, nucleation is classified into two types; one is 2D nucleation, i.e, expanding lateral growth, and the other is 3D nucleation, i.e., protruding vertical growth. These two types of nucleation result from different nonequilibrium fluctuations. Figure 3 shows two kinds of nonequilibrium fluctuations; one is asymmetrical fluctuation, which arises from electrochemical reactions in an electrical double layer. As shown in this figure, this fluctuation one-sidedly changes from an electrostatic equilibrium state toward cathodic reaction side, controlling 2D nucleation. The other is symmetrical fluctuation changing around an average value of its physical quantity in a diffusion layer. This fluctuation controls 3D nucleation. These concentration fluctuations are defined by (Aogaki et al., 2010) .
At the early stage of electrodeposition in the absence of magnetic field, there are two different kinds of the unstable processes of fluctuations. The first unstable process takes place in the electric double layer. In the case of electrodeposition without any specific adsorption, the overpotential of the double layer becomes negative with a positive gradient. Supposing that a minute 2D nucleus is accidentally formed in the diffuse layer of the double layer, at the top of the nucleus, due to the positive shifting of the potential, the double-layer overpotential decreases with the nucleation, so that with the unstable growth of the fluctuation, 2D nucleus is self-organized. As the reaction proceeds, outside the double layer, a diffusion layer emerges. In electrodeposition, due to the depletion of metallic ions at the electrode, the concentration gradient is also positive, so that the top of a 3D nucleus contacts with higher concentration than other parts. This means that the concentration overpotential decreases at the top of the nucleus. As a result, mass transfer is enhanced there, then the symmetrical fluctuations turn unstable, and the 3D nucleus is self-organized (Fig. 4a) . In the presence of magnetic field, however, except for early stage, depending on the direction of magnetic field, nucleation proceeds in different ways; under a parallel magnetic field, as shown in Fig. 4b , from the interference of the micro-MHD flow to the concentration fluctuation in the diffusion layer, symmetrical fluctuations are always suppressed together with 3D nucleation (1st micro-MHD effect).
In the secondary nodule formation after long-term deposition, it has been newly found that the flow mode of the solution changes from a laminar MHD flow to a convective micro-MHD flow induced by the asymmetrical fluctuations, so that the diffusion layer thickness slowly decreases with time, increasing electrolytic current. The mass transfer to 2D nuclei is thus enhanced, and secondary nodules are self-organized (2nd micro-MHD effect). In a vertical magnetic field, for the appearance of chirality in vortex motion, ionic vacancy formed with electrodeposition plays an important role; as shown in Fig. 6 , ionic vacancy is a vacuum void with a diameter of ca. 1 nm surrounded by ionic cloud (Aogaki, 2008b; Aogaki et al., 2009b) , which expands the distance between solution particles, decreasing their interaction as a lubricant. In Fig. 7 , it is shown that the vacancy generation during electrodeposition yields two kinds of electrode surfaces; a usual rigid surface with friction under a downward spiral flow of vortex, and a frictionless free surface covered with the vacancies under an upward spiral flow. This is because at the bottom of the downward flow, generated vacancies are swept away from the center, whereas under the upward flow, they are gathered to the center of the bottom. Theoretical examination suggests that the vortex rotation on the free surface is opposite to that on the rigid surface. As shown in Fig. 8 , in a system rotating counterclockwise from a bird view, on the rigid surface, due to friction only a downward counterclockwise flow is permitted, while on a free surface, due to slipping of solution, only an upward clockwise flow is permitted. . Two kinds of vortexes on rigid and free surfaces in a counterclockwise rotating system from a bird view. ○, Vacancy; a, rigid surface; b, free surface (Aogaki et al., 2009c ).
In such a system, not always magnetic field, but also macroscopic rotation such as vertical MHD flow and system rotation mentioned above are required; the magnetic field generates micro-MHD vortexes, and the macroscopic rotation, as shown in Fig. 9 , bestows rotation direction and precession on them, which induces the interference of the vortexes with the concentration fluctuations. On the free surface of 2D nucleus, the metallic ions deposit in keeping the clockwise motion, yielding micro-mystery circles with chiral screw dislocations. This is the process of the formation of micro-mystery circle with chiral structure. On the rigid surface of 2D nucleus, due to friction of the electrode surface, a stationary diffusion layer is formed. Inside the static diffusion layer, in a fractal-like way, 3D nucleation induces smaller micro-MHD vortexes of symmetrical fluctuation, creating concentric deposits called nano-mystery circles. In the following sections, the roles of these nonequilibrium fluctuations will be more precisely elucidated.
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Instability in electrochemical nucleation

The first instability occurring in 2D nucleation
Assuming that a minute 2D nucleus is accidentally formed in the diffuse layer belonging to electric double layer, we can deduce the first instability of asymmetrical fluctuations (Aogaki, 1995 L is the average concentration gradient in the diffuse layer, defined by (Aogaki, 1995)  
where R is the universal gas constant, T is the absolute temperature, m z is the charge number, F is Faraday constant, and
Since both fluctuations are in the Boltzmann equilibrium in the diffuse layer, from Eqs. (4b) and ( 
On the other hand, the concentration overpotential is written by the Nernst equation.
Cz  is the bulk concentration. From Eq. (2), the concentration at the top of the projection is written as 
is used. Therefore, expanding the potential area to Helmholtz layer, we obtain the difference of the electrochemical potential fluctuation between the top and bottom of the nucleus. layer, this means that at the top of the peak, the reaction resistance decreases, so that the nucleation turns unstable. In the case of strong specific adsorption of anion, due to the minimum point of the potential at the OHP shown in Fig.10b Namely, at early stage, specific adsorption always suppresses 2D nucleation. Without strong adsorption of anion or cation, the deposition process is accelerated, so that the asymmetrical fluctuation turns unstable, finally the 2D nucleus is self-organized. It is concluded that the asymmetrical fluctuations control the total electrode reaction, and the total electrolytic current increases.
The second instability in 3D nucleation
As the reaction proceeds, outside the double layer; a diffusion layer is simultaneously formed, where the second instability occurs. According to the preceding paper (Aogaki et al., 1980) , Fig. 11 shows the potential distribution in the diffusion layer, where an embryo of 3D nucleus is supposed to emerge. Since in the diffusion layer, due to metal deposition, the average concentration 
According to Eqs. (3) and (13) 
Since the concentration gradient is positive, the top of the 3D nucleus contacts with higher concentration than other parts. Namely, the concentration overpotential decreases there, and mass transfer is enhanced. As a result, the symmetrical fluctuations always turn unstable, and the 3D nucleus is self-organized (Fig. 4a) . However, in a magnetic field, since the micro-MHD flows interfere with the concentration fluctuation and disturb it, the 3D nucleation is resultantly suppressed together with not always the symmetrical concentration fluctuation but also the micro-MHD flow (1st micro-MHD effect) (Fig. 4b ).
The third instability in secondary nodule formation
At the later stage of deposition, a grown 2D nucleus protrudes out of the double layer into the diffusion layer, which means that the nucleus develops under the same situation as that of 3D nucleation discussed above. At the same time, rate-determining step is changed from electron-transfer in the electric double layer to mass transfer in the diffusion layer, and expressed by the concentration overpotential; instability arises from the fluctuation of the concentration overpotential, positive. Since cathodic polarization gives negative concentration overpotential, this indicates the decrease of the overpotential at the top of the 2D nucleus. Namely, from the same reason as the second instability, the unstable condition for 2D nucleation in the diffusion layer is always fulfilled. In view of the fact that the 2D nucleation arises from the electrode reaction process in the double layer, this unstable condition must be rewritten by the parameters of the double layer. With the ohmic drop disregarded, assuming that the total overpotential is kept constant, we can derive the following relationship between the fluctuations of the electrochemical potentials at the double layer and the diffusion layer.
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First and second micro-MHD effects in a parallel magnetic field
Magnetic field affects the unstable processes of the nucleation, suppressing or enhancing them, so that the morphology of deposit is drastically changed. In a magnetic field, electrochemical reaction induces the fluid motion by Lorentz force called MHD flow, which enhances mass transfer (MHD effect). At the same time, the MHD flow generates minute vortexes and convection cells called micro-MHD flows, which are the nonequilibrium fluctuations of MHD flow, often interacting with other nonequilibrium fluctuations, i.e., asymmetrical and symmetrical fluctuations accompanying nucleation; for 3D nucleation, the growth of symmetrical fluctuation is suppressed, and the sizes of 3D nuclei decrease (1st micro-MHD effect) (Fig. 4b) . For 2D nucleation, asymmetrical fluctuations develop with secondary nodules (2nd micro-MHD effect) (Fig. 5b) . In Fig. 1 , the magnetic flux density is applied in z-direction, and the current flows in ydirection, so that the resultant MHD main flow occurs in x-direction. In the boundary layer, micro-MHD flows arise from hydrodynamic and MHD interactions. The equations of the nonequilibrium fluctuations including micro MHD flows on the solution side under a parallel magnetic field have been established (Morimoto et al., in the course of submission-a). The equations are changed to the amplitude equations by Fourier transformation with respect to xand y-directions. In view of the low electric conductivity and small representative length of electrochemical system, the effect of electromagnetic induction can be disregarded. 
where x k and y k are the x-and y-components of the wave number k, respectively, and 
First micro-MHD effect
In electrodeposition, hydrated metallic ions are traveling from the bulk to the electric double layer through the diffusion layer. At the double layer, dehydration first takes place, and adsorption follows at the Helmholtz layer. Transferring electrons, the adsorbed ions become adatoms, and some of them take part in nucleation. Other adatoms, according to the difference of surface energy, transfer along the electrode surface, settling as lattice atoms. Since the rate of electron transfer is sufficiently high, the mass transfer processes in the solution phase and the crystal phase become rate-determining steps, so that the electron transfer process is assumed in quasi-equilibrium state. The mass balance of adatoms consists of the mass flux density of metallic ions from solution phase and the mass flux densities of adatoms by surface diffusion and incorporation to crystal lattices, i.e., 
Equation (38) 
where mMHD  is the micro-MHD coefficient describing the effect of the micro-MHD flow on 3D nucleation, being expressed by 
As shown in Eq. (39c), mMHD  is a complex number, acting as a spatial filter for the fluctuations, which controls the first micro-MHD effect, decreasing nucleus size. Actually, in the case of mMHD  = 1, the amplitude coefficient p is consistent with that in zero magnetic field (Aogaki et al., 1980 
The effective surface heights of the 3D nuclei are also calculated in the following, In Fig. 13 , the theoretical calculation and experimental result of first micro-MHD effect are exhibited; as magnetic flux density increases, the size of 3D nucleus decreases. In Fig. 14, the micro-MHD flows corresponding to the 3D nucleation are exhibited.
Second micro-MHD effect 3.2.1 Instability equation
Due to large scale of length (  100 μm), the asymmetrical fluctuations controlling 2D nucleation result not from the nucleation process on the electrode surface but from the electrochemical reaction process in the electrical double layer and the micro-MHD flow in the convective diffusion layer; since the term with higher power of wave number is neglected, the equation corresponding to Eq. (37) is simply expressed by
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However, since copper deposition is a cathodic reaction, the diffuse layer overpotential is usually supposed negative, of which contradiction is, as discussed in Section 2.3, solved by the adsorption of cation such as proton in the double layer, where the positive charges of protons adsorbed on the Helmholtz layer shift the overpotential to positive side. Such discussion has been validated in Fig. 15 by the scanning electron microscope (SEM) images for the copper depositions with and without the adsorption of protons, i.e., the secondary nodules can be seen only in the case of proton adsorption. Theoretical current-time curve was calculated by means of Eqs. (53a) and (53b). Figure 16 exhibits the comparison between theoretical calculation and experimental result of currenttime curves for the copper deposition. Both curves are in good agreement, quite slowly increasing up to a steady state. From the calculation, it is estimated that the value of 2  is small, i.e., the order of 1 mV. To ascertain the above discussion, based on the theory, we calculated the surface morphology of secondary nodules and the velocity distribution of the micro-MHD flows. Figure 17 represents the surface morphology, and Fig. 18 represents the horizontal and vertical velocity distributions of the corresponding micro-MHD vortexes. 
Chirality appearance in a vertical magnetic field
In electrodeposition under a vertical magnetic field, as discussed in 1. Introduction, it is thought that instead of vortexes with chiral symmetry, vortexes having chirality emerge. The best way to make clear the process of the evolution of the chirality is to pursue how chiral symmetry is broken down from a perfectly symmetrical state. Instead of vertical MHD flow, as shown in Fig. 19 , a more simple case is taken where an electrochemical system is rotating under a vertical uniform magnetic field, and also it is assumed that current density is uniform and the current lines are vertical everywhere. It should be noted that the whole system including the electrodes and solution rotates all in one body. 
Formation of nano-mystery circle
As have been discussed in last section, at the boundary on a free surface of 2D nucleus covered with ionic vacancies, the frictionless rotation of vortex reverse to the rotating system yields a concentric circular pattern of micro-mystery circle, whereas at the boundary on the rigid surface, due to friction, the solution is kept stationary. 3D nucleus formation on a rigid surface of 2D nucleus also receives the same effects as 2D nuclei, i.e., the precession to micro-MHD flows and the selection of the direction of rotation. However, there are some differences; due to small scale of length, i.e., low Reynolds number, the effective viscosity that vortexes feel becomes too high to rotate, so that rotations themselves become impossible. To solve this problem, a new effect of ionic vacancy to decrease viscosity is required. Considering that ionic vacancies are easy to coalesce from a nature of bubble, we propose a new effect called 'micro-hydroplaning'. Due to coalescence, ionic vacancies are supposed to act like a creamy lubricant. Let us imagine a coffee surface with cream, where due to the difference of viscosity, without mixing, the cream forms white stripes surrounding coffee vortexes. If these stripes are replaced with those of ionic vacancies, just like a wheel in the well-known hydroplaning effect, a micro-vortex surrounded by the stripes of ionic vacancies can rotate freely. This phenomenon effectively decreases kinematic viscosity. Since ionic vacancies gather in an upward flow of a 3D nucleus, according to this effect, the local kinematic viscosity in the upward flow drastically decreases for rotation. As a result, in the downward flow without ionic vacancy, due to effectively high viscosity, the rotation itself is prohibited, remaining stationary, whereas in the upward flow containing the stripes of ionic viscosity, owing to effectively low viscosity, a vortex can rotate. In the same way as that of the micro-mystery circle formation, but quite different in size, a concentric circular pattern called nano-mystery circle with chirality is thus formed. At the center of the nanomystery circle, a screw dislocation with chirality emerges. In Fig. 21a , the theoretical calculation of nano-mystery circle is represented. In spite of random multiple nucleus formation, nano-mystery circles can be seen. Figure 21b shows the SEM image of a copper deposit, where many shallow dimples in the same shape are observed. b a Fig. 21 . Morphology of nano-mystery circle. a, theoretical calculation (2 μm in full scale); b, SEM image ofcopper nano-mystery circle in copper deposition of the rotating system (4 μm in full scale).
Conclusion
In a parallel magnetic field, usually an electrode system called MHD electrode is used, which consists of a rectangular channel with two open ends (Fig. 1) . Arriving through the inlet, the solution moves along the electrode surface, and leaves out of the outlet. As a result, generated vacancies are continuously swept away from the electrode surface. This is the reason why the vacancy does not affect the deposition process in a parallel magnetic field. Aogaki, R., Fueki, K., & Mukaibo, T. (1975 
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